Experimental methods
The GFP chromophore and its biomimetics are synthesised using established methods, 1 via synthesis of the azalactone and subsequent aminolysis with methylamine. They are purified to remove minor contaminants by recrystallisation from ethanol. Photoelectron spectra of the deprotonated chromophore anions are recorded using anion photoelectron velocity-map imaging. The deprotonated chromophore anions are generated by electrospray ionisation of HBDI, DMHBDI, or DFHBDI, dissolved in methanol with a few drops of NH 3 . The deprotonated chromophore anions are mass-selected by a quadrupole, trapped in a hexapole trap and focused into the centre of a velocity-map imaging apparatus. Subsequently, these anions are irradiated with nanosecond pulses of 328 nm (3.78 eV) light generated by frequency-doubling the output of a Nd:YAG pumped dye laser system. Photoelectrons are focussed onto a position sensitive detector. Background counts from anions and stray laser light are removed by subtracting anion-only and laser-only images from images recorded following interaction between the laser light and anions. These backgroundsubtracted images are then processed using the pBasex method. 2 The spectrometer is calibrated by recording the photoelectron spectrum of I -. The resolution of the spectrometer is ∼ 5%, which corresponds to a full-width at half-maximum (FWHM) of 0.05 eV at 1 eV eKE. Additional details of the anion photoelectron imaging apparatus have been published elsewhere. [3] [4] [5] [6] 
Computational details
The MP2/(aug)-cc-pVTZ level of theory, with the cc-pVTZ basis set augmented by a diffuse spdf shell on all oxygen atoms, is employed for optimizing geometry parameters of the deprotonated chromophore anions in the ground electronic state. Vibrational analysis is used to verify that the stationary points found are true minima on the corresponding potential energy surfaces. Equilibrium geometries of the neutral chromophore radicals, anionic excited-state gradients, vertical excitation and detachment energies are calculated using the extended multi-configuration quasi-S3 degenerate perturbation theory, XMCQDPT2, 7 within the same valence-type basis set. The reference wave functions of the ground and target states are constructed within the complete active space self-consistent field method using a state-averaging procedure, SA-CASSCF. Within a large basis set used in the present work, anionic vertical excitation energies and excited-state gradient calculations are performed using a DFT/PBE0-based (rather than a closed-shell Hartree-Fock-like) one-electron Fock-type matrix, when obtaining energies of all MCSCF semi-canonical orbitals used in a perturbation theory series. This is done in order to improve a description of open-shell states in the anions. The Firefly package 8 has been used for all electronic structure calculations.
Vertical ππ * excitation energies (VEE) of HBDI − are calculated at the XMCQDPT2/SA(7)-CASSCF (16, 14) π /(aug)-cc-pVTZ level of theory within the active space, which comprises all valence π-type orbitals. The XMCQDPT2 effective Hamiltonians are constructed in the frame of the reference spaces spanned by 7 SA(7)-CASSCF or 10 CASCI wavefunctions. Vertical ππ * transition energies in the substituted chromophore anions, DMHBDI − and DFHBDI − , are calculated within the same active space as in HBDI − , as well as within the larger active space that also includes a linear combination of π-type lone pairs at the substituents, XMCQDPT2/ SA(7)-CASSCF(18,15) π . Vertical nπ * excitation energies in all chromophore anions are obtained within the mixed active spaces modified in order to include the n orbital of the phenoxide oxygen, whereas one occupied π-orbital with the largest occupation number is kept as doubly occupied during the CASSCF procedure. The excluded π orbital refers to a lone pair of electrons predominantly localized at the nitrogen atom of the amino group of the heterocyclic ring. Only the ground and low-lying ππ * and nπ * states are included in the state averaging procedure at the XMCQDPT2 [7] /SA(3)-CASSCF (16, 14) π/n level of theory. The orbitals included in the CASSCF active spaces are illustrated in Figure S1 . It is worth noting, that we anticipate effects of the continuum, which are not included here, on line shapes and positions of, in particular, shape resonances of the isolated anions in the UV. The line widths due to electron lifetime broadening are expected to be up to 200 cm −1 , 9 which do not alter the pattern of bound and quasi-bound excited states.
Vertical detachment energies (VDEs) of the anions are calculated at the XMCQDPT2 [ !-#!;%&*)3<='(> Figure S1 : Orbitals of the active spaces used in the present work. Exemplified are the XMC-QDPT2/CASSCF(18,15) π-type and XMCQDPT2/CASSCF (16, 14) n-type zeroth-order natural orbitals of the ground electronic state in DMHBDI − . Pure π-type active spaces include either 18 electrons and 15 orbitals or 16 electrons and 14 orbitals. The n → π * transitions are calculated within (16, 14) active spaces, where one π-type orbital is replaced with the n orbital. The gradient in the anionic ESR state is calculated within a pure π-type (14, 13) active space. The vertical excitation energies in the radicals are calculated within pure or mixed (15, 14) active spaces. The geometry optimization of the radicals in the ground D 0 electronic state is performed within the (11, 11) active spaces, which are reduced compared to those of (13, 13) by excluding two electrons and two orbitals, correlating with the lowest-energy occupied π and highest-energy unoccupied π * orbitals. All reductions are made according to the occupation numbers in the most complete CASSCF active spaces. Figure S1 ). The XMCQDPT2 effective Hamiltonian is spanned by the S 0 , S 1 , and ESR CASSCF wavefunctions, and the state-averaging procedure is over the ground and target ESR states. We note that the order of states here is different, as compared to those of the larger XMCQDPT2 calculations. This is due to the fact that the predominantly two-electron transition (S 2 in the main text) lies higher in energy than the one-electron excitation of the excited shape resonance (S 3 in the main text) at the CASSCF level, and hence the former state is excluded from a perturbative treatment when the XMCQDPT2 effective Hamiltonian is spanned by only three lowest-lying reference CASSCF states. Within a larger reference space of the effective Hamiltonian, the order of states changes when dynamic electron correlation is taken into account. The XMCQDPT2 excited-state gradient is calculated numerically as a two-sided derivative.
Equilibrium geometries of the ground-state radicals are obtained at the MRMP2/SS-CASSCF (11,11)/(aug)-cc-pVTZ level of theory. The active space is here reduced compared to that of (15, 14) by excluding four electrons and three orbitals, correlating with the lowest-energy occupied π and highest-energy unoccupied π * orbitals, as well as with a lone pair of electrons at the nitrogen atom of the heterocyclic ring. For DMHBDI − , the geometry parameters of the groundstate anion and radical have been obtained at the PBE0/(aug)-cc-pVTZ level of theory followed by vibrational analysis, confirming changes in geometry between the anion and the radical.
The temperature-dependent direct S 0 →D 0 and resonant ESR→D 0 parts of photoelectron spectra are obtained through a time-domain formalism based on Fourier transforms of the Lax's autocorrelation function within the double harmonic parallel-mode approximation. 11, 12 The statistical population of vibrational modes in the ES resonance is assumed upon electron autodetachment.
The total propagation time is set to 500 fs, and the autocorrelation function is damped by an exponential function with a time constant of 100 fs. Neither frequency change nor Duschinsky rotation is assumed to occur upon electronic transition. These approximations have previously been validated for HBDI − , and the calculated S 0 →D 0 spectral profile is in good agreement with the vibrationally resolved photoelectron spectrum measured at 355 nm. 13, 14 The vibrational analysis is performed in the anionic ground states, using the MP2/(aug)-cc-pVTZ method. In the case of autodetachment, displacements between two minima are estimated using the quadratic approximation, based on the anion excited-state gradient calculated at the equilibrium geometry of the radical ground state. This approach is validated through calculations of the direct photoelectron spectrum of HBDI − , using various computational schemes, which result in similar photoabsoprtion profiles (see Figure S5 ). The 328 nm experimental photoelectron spectrum of HBDI − is fitted using the calculated direct and resonant components, with a shift between their onsets and a width of a convolution function as fitting parameters, which are then used for modeling other spectra in a additional blurring of the spectral shape. We note that the direct PD spectral shapes of HBDI − and DFHBDI − are the same when equilibrium geometries or locally estimated origin shifts are used, thus confirming the validity of the approach for all other in-plane modes well described in the harmonic approximation. level (see Figure S2 ). Nevertheless, both computational schemes give the same vertical excitation energies, 331 nm (3.74 eV) and 328 nm (3.78 eV), for the 2 1 ππ * and 3 1 ππ * states, respectively, and the latter state has a predominant ESR character (Table S1 ).
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In the substituted chromophore anions, the ESR states lie considerably higher in energy, and these states become mixed with their higher-lying counterparts -excited states, which correspond to the one-electron π Ph → π * LUMO excitation. The π Ph and π * Ph orbitals, which are highly localized on the phenoxide group, are largely affected by the π electron donating substituents introduced into the ring, leading to the S 0 -S 3 and S 0 -S 4 energy gaps increasing and decreasing, respectively, as compared to those in HBDI − . The order of these states therefore changes in the substituted chromophore anions, and the 4 1 ππ * state becomes the ESR state.
In DFHBDI − and DMHBDI − , the mixing between the 3 1 ππ * and 4 1 ππ * states also depends on the computational scheme, in particular, on the choice of the active space. Here, we have considered two variants of the pure π-type active spaces. The first one is the most complete pure S12 π-type valence space of HBDI − , (16, 14) , and the second one is further enlarged by including an additional molecular orbital, which corresponds to a linear combination of the doubly occupied π orbitals of the substituents, (18,15) (see Figure S1 ). The orbitals localized on the substituents also have a noticeable contribution to those molecular orbitals that are primarily involved in the transition to the ESR state. By enlarging the CASSCF active space, the π electron donating effects of the substituents can be probed directly under the influence of both static and dynamic electron correlation.
In the substituted chromophore anions, the 3 1 ππ * and 4 1 ππ * excited states calculated at the XMCQDPT2 [7] /SA (7) and 0.05 (π Ph → π * LUMO ) to these states, respectively. Accordingly, the 4 1 ππ * state has a pronounced ESR character, and the S 0 → S 4 transition with an oscillator strength of 0.10 is, therefore, optically much brighter than the S 0 → S 3 transition (see Table S2 and Figure S3 ). In contrast to this, the calculations within the smaller active space yield almost equal contributions of ∼0.3 from both configurations to each state. Furthermore, the reference CASSCF (16, 14) states strongly interact under the influence of dynamic electron correlation via an effective Hamiltonian calculated perturbatively, thus indicating the importance of the π orbitals of the substituents for a better description of the unperturbed states. The XMCQDPT2 [7] /SA (7) populated, the ESR state should appear on the low eBE side of the 328 nm photoelectron spectra of the biomimetic GFP chromophores, and it does not contribute to a considerable broadening at the high eBE side of the photoelectron distributions (see also the main text).
The low-lying 1 1 ππ * and 1 1 nπ * states are well described by the corresponding single configurations (see Figure S2 ). The 1 1 ππ * states in all anions are electronically bound, whereas the Figure S2 : The XMCQDPT2 zeroth-order natural orbitals of the S 1 , S 1n , and S 2 excited states in the deprotonated chromophores. Shown are the orbitals, which are partially filled, with the occupation numbers larger than 0.2 and less than 1.8. For clarity, the natural orbitals are also correlated with the canonical ones. The leading configurations are depicted as the corresponding one-and two-electron transitions. Note that the natural orbitals of particular states can be rotated within the active space. The largest active spaces and the largest reference spaces considered in the present work are used to illustrate the character of the corresponding electronic transitions. , and D 1 states in the radical chromophores. Shown are the orbitals, which are partially filled, with the occupation numbers larger than 0.3 and less than 1.7. For clarity, the natural orbitals are also correlated with the canonical ones. Note that the natural orbitals of particular states can be rotated within the active space. The XMCQDPT2 [7] /SA(7)-CASSCF (15, 14) calculations with the pure π-type active space is used to illustrate the character of the D 0 and D 1 states, whereas the singly occupied n orbital of the D 1n state is from the calculations within the mixed active space. S17 6 S 0 →D 0 photoelectron spectral shape in PD from HBDI Figure S9 , except for the 578 cm −1 mode, which corresponds to a valence angle bending mode predominantly localized on the heterocyclic ring. Harmonic MP2/(aug)-cc-pVTZ frequencies calculated in the ground electronic state of the anion are used for the analysis, and the origin shifts are obtained based on the XMCQDPT2/CASSCF(14,13)/(aug)-cc-pVTZ S 0 gradient calculated at the MRMP2/CASSCF(11,11)/(aug)-cc-pVTZ equilibrium geometry of the D 0 radical. The corresponding spectral shape is shown in red in Figure S5 . Note that the calculated origin shifts (less than √ 2) indicate that the 0-0 transition has the maximum Franck-Condon strength.
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7 Autodetachment out of S 1 above the S 1 /D 0 crossing
The calculated S 0 →D 0 spectral profiles at 20 K and 300 K (Figures S7a and S7b) are consistent with those obtained experimentally at a photon energy of 355 nm, 14 apart from an additional broadening at the higher eBE part and two additional features located at ∼2.9 (broad) and 3.1 eV in the experimental spectra. These features are most prominent in the vibrationally resolved spectrum taken at 20 K. The peak at 3.1 eV is located far apart with respect to ADE (2.73 eV) and can not be reproduced by any calculations of the S 0 /D 0 spectral shape (see, for example, the spectra obtained using various computational schemes in Figure S5 ). By increasing a simulation temperature, a density of vibronic transitions can effectively be increased (note the progressively broader and blurred spectral shapes calculated at 20, 300, and 500 K in Figure S7a ). The peak at 3.1 eV can not be accounted for at any temperature. Furthermore, hot transitions at higher temperatures result in significantly broader photoelectron distributions at the low eBE part compared to that measured experimentally. The calculated profiles at 20 and 300 K reproduce the onsets in the experimental spectra, thus indicating that the experimental conditions are indeed close to these temperatures, and there is no any substantial heating of gas-phase ions prior their photoexcitation.
The peak at 3.1 eV and the additional broadening of the experimental spectrum at the high eBE part registered even at a very low temperature are remarkable, since this suggests that more 14 orange, 14 and gray 13 areas, as well as the black curve. 17 The calculated spectral profiles of the direct S 0 →D 0 transition are depicted at 20 K (purple), 300 K (green), and 500 K (magenta) in panel (a), as well as at 300 K, which is also convoluted with a Gaussian function of a 39 meV HWHM, (green) and 800 K (red) in panel (b). Note that a higher density of vibronic transitions gained through either higher simulation temperatures or through an effective additional broadening (shown at 300 K) do not reproduce all the features in the experimental shapes, in particular, a peak at 3.1 eV, which is shifted by 0.37 eV from a true BE shown as the black dotted line. The mechanism of autodetachment above the S 1 /D 0 crossing from the S 1 state is illustrated in panel (c). Three harmonic potential energy surfaces are schematically shown along a Franck-Condon active normal mode with an energy of 0.2 eV. A group of four stretching modes of ∼1600-1700 cm −1 has indeed been found among the active modes in both the S 0 -S 1 and S 1 -D 0 transitions. 10 The Franck-Condon strengths Lax's autocorrelation function that produces a nearly Gaussian absorption band. 12 The Gaussian variance parameter accounts for temperature, origin shifts Q j , and frequencies ν j :
wheren j is the thermal average occupation number of the j-th mode. It is worth noting that the major contribution to the width comes from high-frequency modes, while those with low frequencies promote a spectral blurring. All active Franck-Condon modes refer to in-plane vibrations of the conjugated part of the chromophore anion. Upon autodetachment out of the ESR state, the Figure 4 of the main text shows that the experimental photoelectron spectra measured at 355-315 nm by various groups are perceptibly different. This can be rationalized by taking into account an interplay between the direct and resonant PD channels, which defines the overall spectral shape. The interplay is sensitive to experimental conditions, and, in particular, to the temperature of the ground-state anions. A slightly different ratio between the two channels may result in a somewhat different skewness of the spectral shape. This is, for example, seen in the experimental photoelectron spectra at 315 nm, which can be fitted with a slightly different ratio between the two parts, for example, of 1.4 (orange curve 5 ) and 1.1 (black curve 17 ) (see Figure S10 ). It is even more evident at excitation energies below the adiabatic S 0 →S 3 transition, e.g. at 355 and 350 nm, where resonant PD via the ESR state is operative only if higher vibrational levels are substantially populated in S 0 , and hot transitions are resonant with S 3 upon photoexcitation.
The experimental spectra at 355 nm from Refs. 13 and 17 are noticeably broader at the low eBE side, as compared to that from Ref. 14 (see Figure S7b) . Although in all the cases, the experiments have been conducted at room temperature, the internal energy of anions extracted from an ion source before laser excitation can be different due to particular extraction and ion-thermalization processes. For example, ions are expected to be somewhat hotter, if they are directly exposed to a laser pulse in a single time-of-flight set-up, 13 thus explaining the difference in the photoelectron spectra. Furthermore, the observed broadening at the low eBE side is larger than that originating from hot transitions directly to the continuum ( Figure S7b ). This indicates that resonant PD may occur even at the excitation wavelength with the lowest total absorption cross-section, at which PD has previously been thought to be free of any impact of higher-lying resonance states. 13 At 355 and 350 nm, the ESR state is revealed at slightly shifted effective binding energies that are lower than 2.73 eV, since extra vibrational energy is borrowed from the ground-state nuclear dynamics (red spectra in Figures 4a and 4b of the main text) . This consistently results in shifted to higher energies eKE R distributions with respect to those of eKE D shown in red and green, respectively, in We also note that the photoelectron distributions measured at a high photon energy at the edge of the S 0 →ESR absorption band are additionally blurred, as compared to those calculated based on the statistical population of vibrational levels in the ESR state at the corresponding microcanonical temperature, which is ∼450 K for the room-temperature ground-state HBDI − anions excited at 315 nm. The high-energy photoexcitation populates excited vibrational levels of Franck-Condon active modes in ESR, thus resulting in many other low-intensity ESR→D 0 transitions that are not fully accounted for in the statistical calculations (dashed red arrows in Figure 3a of the main text).
A higher density of vibronic transitions within the energy domain between the direct and resonant parts at 315 nm is illustarted in Figure S10 , where the resonant part is calculated based on both the statistical and initial (Franck-Condon) populations of vibrational levels in the ESR state. As a result, the 315 nm experimental photoelectron spectra (black and orange lines and shaded gray), which are defined by the direct and significantly shifted resonant parts, are completely unresolved, as opposed to the statistically calculated combined spectrum (purple line). Figure S12 : Impact of the dimethoxy-and difluoro-substituents. Shown are the overall +M destabilizing and −I stabilizing effects for the ground-state energies of the anions (left), as well as some of the resonance structures of the ground-state radicals (right). Note that two of the resonance structures of the methoxy substituted radical are stable captodative radicals.
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The stabilization of the DMHBDI radical through the captodative effect involves the sp 3 →sp 2 change in hybridization of the oxygen atoms of the methoxy groups induced by electron detachment, which enhances the interaction of the decoupled π-orbital of the substituents with the π conjugated system. The equilibrium geometry of the radical becomes nearly planar (see Figure S13 ). Since this π * LUMO orbital does not directly mix with the π-orbitals of the substituents, the shift enables to eliminate all other effects, including a larger basis set, a larger number of electrons, and indirect inductive (−I) effects induced by the substituents. Note that the π orbitals localized on the phenoxide group, π Ph and π * Ph , are significantly destabilized by the +M effect, whereas π HOMO−1 , π HOMO , and π * LUMO that define the three orbitals of the allyl bridge moiety are almost unaffected. The active π orbitals are shown in Figure S1 . 
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